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Use of Lasers to Control
Selective Chemical Reactions

In recent years much progress has
been made in widening the range of
laser wavelengths and in developing the
tuning, control, and stabilization of the
laser radiation frequency. This has made
it possible to begin a systematic investi-
gation of the control of selective chemi-
cal reactions with laser radiation. This
problem is of fundamental importance
for the use of coherent light in chem-
istry, particularly photochemistry and
nuclear chemistry, and possibly in biol-
ogy, medicine, and other fields. The
general idea, which appeared 50 years
ago, is that it is possible to use the
differences in the absorption spectra
of substances—the existence of which
is evidence for their selective interaction
with light—not only to analyze the
composition and structure of the sub-

stances, but to selectively influence
them to change their composition and
properties.

Let us consider a mixture of mole-
cules A and B, which are very close
in their chemical properties, and let
one of them, say A, be made to react
with a certain compound R. Chemists
have at their disposal quite a number
of methods of catalyzing chemical reac-
tions. However, in many cases their
efficiency is very low. One can intro-
duce the selectivity coefficient as the
ratio of the number of reacted A mole-
cules to the number of B molecules
entering reaction, their initial concen-
trations being equal:

Kir
KBR

S = —1 1)

When there is no selectivity K,p =
Ky, that is, the selectivity coefficient
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S = 0. For example, for molecules A
and B that are different only in their
isotopic composition § is much less than
unity (0.01 to 0.03).

It appears quite natural to make use
of the difference in the absorption
spectra of molecules A and B, when it
exists, for the selective excitation of
molecules of a definite type (/). The
reaction rate of excited A molecules
can be essentially different from that
of nonexcited ones, and in such cases
we can achieve considerable selectivity.
If the reaction rates do not depend on
the excitation of an atom or a molecule,
then one can use a change in other
properties with excitation, in particular
a change in the dissociation energy of
a molecule.

The first attempts to realize a selec-
tive photocatalysis of chemical reac-
tions, the most difficult case relating to
isotopic molecules, date from the early
thirties and even the twenties. In one
of the first (2), the authors attempted
to carry out the reaction of chlorine-37
with hydrogen under excitation with
white light that was filtered by chlorine
mainly consisting of chlorine-35. In
1930 (3) the selective reaction of
“ortho” iodine molecules with hexane
was achieved by exciting the “ortho”
but not the “para” molecules by the
5461-angstrom line of the mercury
spark. The first successful photochemi-
cal isotope separation was reported in
(4); the 2816.179-A line of the alumi-
num spark excited phosgene molecules,
CO?35CI35Cl, which decomposed in sub-
sequent collisions. It was suggested (5)
that definite Hg isotopes could be ex-
cited in vapors by using the 2537-A
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resonance line of the Hg lamp with
a definite Hg isotope, and that chemi-
cal reactions with excited Hg atoms
could be observed; these experiments
were successfully performed (6). In sub-
sequent work the photochemical sepa-
ration of isotopes of chlorine (7), mer-
cury (8), and carbon and oxygen (9)
was observed by using coincidences of
the intense lines of spontaneous radia-
tion with absorption lines.

Selectivity Conditions for

Photochemical Reactions

For the selective action of radiation
on a substance, three conditions must
be fulfilled. There must be

1) High monochromaticity of the
exciting radiation with a necessary
power level at a given frequency.

2) Selectivity of the elementary proc-
ess of interaction between the radiation
and the substance (existence of narrow
absorption lines).

3) Conservation of the selectivity ob-
tained in subsequent physical and chem-
ical processes.

Achievement of the first condition
with the usual light sources was rather
difficult. Only at rare definite frequen-
cies could one obtain narrow lines of
the spontaneous radiation with suf-
ficient intensity. The first condition can
be carried out in the visible, uitraviolet,
and infrared regions with lasers. In
fact, not only is the great spectral
brightness of the laser radiation suf-
ficient for selective photocatalysis, but
the frequency tuning of the laser radia-
tion makes it possible to excite any
level of the atom or molecule chosen.

The second condition can be fulfilled
with a substance in the gas phase when
there is interaction with the electronic
and vibrational transitions between the
states of the discrete energy spectrum.
Under particular conditions it can also
be fulfilled for the substance in a con-
densed state, and here there are great
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possibilities for using selective photo-
catalysis in biology and medicine.

It is a much more complicated prob-
lem to satisfy the third condition, since
the selectivity obtained as a result of
the primary photochemical act (excita-
tion) can easily be lost after many sub-
sequent processes. In Fig. 1 the proc-
esses leading to both loss of selectivity
and conservation of selectivity in the
irradiated substance are represented in
a simplified way. Suppose the laser
radiation selectively excites an electronic
or vibrational level of the A molecule
in a mixture with B molecules. (Every-
thing said below refers equally to a
mixture of atoms.) The problem, as
before, is to have selective bonding of
A molecules. Loss of selectivity is
caused by two processes: ,

1) Thermal nonselective excitation.
The excited molecules can relax into
the ground state before a chemical reac-
tion takes place. For vibrational levels
of molecules the relaxation is of a non-
radiative character, and consequently
leads to a heating of the gas mixture up
to a certain temperature T. It results in
a thermal population of vibrational
levels of both types of molecules with
the Boltzmann probability exp (— E/
kT), where E is the energy of a level
and % is Boltzmann’s constant. The
thermal excitation is completely non-
selective, and molecules of both types
react with the same rate under irradia-
tion.

2) Resonant transfer of excitation.
This takes place when the excited A
molecule, A*, collides with the nonex-
cited:

A* - B— A 4 B*
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The cross section for resonance transfer
of excitation among molecules with
close resonance levels has the gas kinetic
value, and among atoms with close
resonance levels it can be hundreds of
times more. Therefore the transfer of
excitation occurs at every collision, that
is, with a rate exceeding that of a typ-
ical chemical reaction.

To carry out a selective chemical
reaction with atoms or molecules of
one type, A, there are two principal
possibilities.

1) Fast chemical reaction. That is,
the chemical reaction between the selec-
tively excited particle A* and a special
chemical compound R (the acceptor)
goes with a rate K,.p which exceeds
the rate of resonance transfer of exci-
tation, Qs+, and the rate of thermal
excitation, Wp:

Kyer > QA'B, Wr (2)

/2) Dissociation or ionization of ex-
cited particles. It is possible to induce
a transition of selectively excited A*
particles into another state, in which
the selectivity loss rate is considerably
less. This can be done by the photo-
ionization of selectively excited atoms
or the photodissociation of selectively
excited molecules. Again, this process
should go with a rate S,., exceeding
the rate of resonance transfer of exci-
tation and that of the thermal excita-
tion:

Sax > Qass, Wr 3)
In contrast to the method of chemical
bonding, this method is universal, since
condition 3 can always be fulfilled by
using the fast photoionization of atoms

or photodissociation of molecules with
an additional sufficiently intense laser
radiation.

In this article these problems are
considered together with experimental
data obtained recently at the Institute
of Spectroscopy of the U.S.S.R. Acad-
emy of Sciences.

Thermal Mechanism of Selectivity Loss

The role of the thermal mechanism
of selectivity loss was investigated by
irradiating ammonia molecules with a
10-micrometer carbon dioxide laser by
the following method (70) (Fig. 2). We
measured a population of vibrational
levels of NHj by the intensity of the
ultraviolet absorption lines correspond-
ing to transitions from the vibrational
levels of the ground electronic state of
the molecule into the excited electronic
state. Discrimination of the two simul-
taneous excitation mechanisms, laser
and thermal, was achieved in the fol-
lowing way. The intensity of the CO,
laser radiation was modulated at an
audio frequency. If the population of
levels is determined by the laser excita-
tion, it should follow the intensity of the
laser radiation when the modulation
period is larger than the molecular life-
time in a vibrational level. In the case
of the thermal excitation due to its in-
ertia (the thermal relaxation time being
approximately 1 millisecond), the modu-
lation amplitude of the level population
should fall under an increase of the
modulation frequency up to 1 kilohertz.
This is just what was observed in the
experiment for several vibrational levels
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of NHj. Chemical reactions of gas mix-
tures with NH; irradiated by a CO,
laser are expected to be of a pure ther-
mal character.

When the gas mixture is irradiated
with a pulsed laser, thermal excitation
also becomes essential for the level
population. In Fig. 3 the dependence of
the population of NHjy vibrational levels
on the action of the CO, laser is illus-
trated; this was measured by experi-
ment (/1). During the laser pulse and
the time when the vibrational relaxation
is small, the level population is deter-
mined by the laser excitation. During
the relaxation of the excited molecules
and the following heating of the gas
the mechanism of thermal excitation
begins, and it remains effective for a
much longer period of time. So, the
selective excitation lives for a rather
short time (1 microsecond for NH; at
a pressure of several dozens of torrs),
and the nonselective thermal excitation
occurs for about 1 millisecond. The
proportions of selective and monselec-
tive processes are distributed respec-
tively.

Let us note that in the excitation
of the electronic levels of atoms and
molecules, where the energy is many
times the average thermal energy T,
thermal nonselective excitation does not,
in fact, influence the reaction rate.

Loss of Selectivity Due to Resonance

Exchange by Excitation

Resonance exchange by excitation in
collisions results in an irreversible loss
of the excitation selectivity, It occurs
with excited electronic states of atoms
and molecules and excited vibrational
states of molecules. For instance, the
excitation exchange with bromine of

mixed isotopic composition prevented
separation of the isotopes 7°Br and 8!Br
(12). The resonance transfer of vibra-
tional excitation among NH; molecules
differing in their isotopic composition
was studied (/3) (Fig. 4). The radiation
of the CO, pulsed laser was in reso-
nance with the rotational-vibrational
transition Q(5,3)v, of the 14NH; mole-
cules, but it was not absorbed by the
15NH; molecules, which were present
in the gas mixture in nearly the same
number. Because of the transfer of ex-
citation between isotopic NH; molecules
the population of the upper vibrational
level should increase, and consequently
the absorption coefficient of the NH,
transitions should decrease; that is, the
15NH, bleaching pulse occurs. It was
measured with the CO, continuous-
wave laser, whose frequency was tuned
to another rotational-vibrational transi-
tion aR(0,0)v, of '"NH,, which is
noncoincident with 14NH, transi-
tions. So, two lasers were in resonance
with various molecules, among which
the excitation resonance transfer oc-
curred. In the right-hand corner of
Fig. 4 the 'NH,; bleaching pulse is
shown. The 1°NH; transmission pulse
arose without delay after the excitation
pulse, from which the number of molec-
ular collisions needed for excitation
transfer can be evaluated: Z(14NH, <>
1’NHj,) < 10. However, when the gas
mixture is diluted with helium the
bleaching signal vanishes. This means
that the buffer gas quenches vibrational-
ly excited 1*NH; molecules before they
collide with 1"NHj, and in this way pre-
vents the transfer of excitation from
14NH,; to 1°NH; This buffer gas
method can facilitate the fulfillment of
conditions 2 and 3 for realizing selec-
tive processes with molecules having a
definite isotopic composition.
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Excitation of High Vibrational Levels
by Vibrational Exchange

Two vibrationally excited molecules
can collide, with a de-excitation of one
molecule and a transition of the other
into the next vibrational level:

AW = 1)+ AW =1) —
AW =0) + AR =2)

where ' =0, 1, 2 denote the vibra-
tional levels. If the time of the vibra-
tional-vibrational exchange, ., is less
than that of the vibrational-translational
relaxation, 7

Tev < Tvt, that is Zvv < th

where Z,, and Z, are the average
number of collisions necessary for vibra-
tional excitation exchange and vibra-
tional-translational relaxation, respec-
tively, then, in principle, one can excite
high vibrational levels with energy E
considerably in excess of an energy
quantum he and of kT. This will cor-
respond to a nonequilibrium gas state
with the “vibrational” temperature con-
siderably exceeding the “translational”
one.

Such a possibility is considered
from the theoretical point of view in
{14). What is the excitation selectivity
in this mechanism? Let the vibrational
heating by radiation be carried out with
A molecules in a mixture with B mole-
cules; it is necessary that the A mole-
cules, and not the B molecules, be
involved in the reaction (Fig. 5). If the
frequencies of molecules A and B differ
greatly from each other we can expect
the vibrational heating of only A
molecules, and a following chemical
reaction only with them. In this case
one can hope to carry out reactions
with the activation energy E, consider-
ably exceeding a quantum of energy .

Bleaching of 15NH:.,

20 torr 14NH3
and
12 torr 15NH3

obing at

+25 torr He
15NH3

+100 torr He

—

1 psec

Fig. 3 (left). Population dependence of the first vibrational level of NH; on the CO, laser radiation pulse. The populations of the

ground state and first vibrational level are n, and n,, respectively.

vibrational excitation between molecules.
4 MAY 1973

Fig. 4 (right). Method of investigating resonance transfer of
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If the vibrational frequencies of the
molecules are similar, as is the case
for molecules differing only in their
isotopic composition, then the resonance
vibrational-vibrational exchange be-
tween A and B will result in the excita-
tion of vibrational levels of both types
and in loss of selectivity of the chemical
reaction. This action of the laser radia-
tion can be called selective-limited, as
the selectivity in this case is achieved
only when there is a considerable dif-
ference between the molecular vibra-
tional frequencies, much more than is
necessary for a difference in the absorp-
tion spectra.

The selective-limited reactions stimu-
lated by laser radiation were reported
by Basov et al. (15). This type of stimu-
lation is of great interest, since with it
one can obtain chemical reactions of
large volume in a short period of time
and produce some reaction products not
available with other methods (15, 16).
It is important that in this case it is
really possible to carry out reactions
with the activation energy greater than
ho. However, it is achieved at the cost
of a loss of selectivity for isotopic mole-
cules.

In exciting high vibrational levels by
means of vibrational-vibrational ex-
change under laser pumping of the first
vibrational state, there is the “narrow
throat” effect which essentially limits
the excitation rate. The monochromat-
ic radiation excites only a small frac-
tion, g, of the molecules in the rota-
tional-vibrational sublevel. To increase
the excitation rate it is necessary to
increase the radiation intensity. How-
ever, if the excitation rate W, for the
molecules in the lower sublevel becomes
much higher than the rotational relaxa-
tion rate 1/7,,, then the lower sublevel
quickly becomes depleted. The next
excitation is possible only when it is
filled through rotational relaxation (Fig.
6). As a result the rate of increase of
the molecules’ vibration energy E.,
under the resonance infrared radiation
satisfies the relation (I7):

dE, 1 @_&
dt < 2 Trot @

where g €1 is the fraction of the
molecules interacting with the radiation
and T, is the rotational relaxation time.
To excite half of the molecules with a
pulse of duration 7, it is necessary that
T > Trot/q. S0, a typical time for
vibrational excitation of the molecules
is

Texe — Trot/q = Tcoll (Zrot/q)
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Fig. 5. The limited-selective action of ra-
diation in the collisional excitation of high
vibrational levels.

where Z.; is the average number of
collisions necessary for the rotational
relaxation and 7., is the average time
between gas-kinetic collisions. This
value is of the same order of magnitude
or even more than the vibrational-
translational relaxation time, 7,y = 7.
Z,. Therefore, translational heating
will compete with vibrational heating,
and the nonselective thermal excitation
will prevent selective-limited reactions.

JII
) 8
T
Trot { 6 ____?_ rot
\ T r
2 1 rot
e 0 —
Population of
rotational levels J”
1
Woye > =
exc
Trot
Jl
: {
Trot‘
2 6 1] 7.mt
4 []
2 =1,

Population of
rotational levels J'

Fig. 6. The “narrow throat” effect in the
excitation of molecular vibrations with
monochromatic laser radiation.

Chemical Reactions of
Excited Molecules

Now let us consider various schemes
of selective reactions. As mentioned
above, one possibility is a fast chemical
reaction with selectively excited mole-
cules, which requires a small number of
collisions between molecules.

Selective reactions with atoms and
molecules in excited electronic states
were investigated in several experiments
carried out with both the usual sources
of monochromatic radiation (2—9) and
lasers (12). As a rule the selectivity co-
efficient S did not exceed a few percent,
except for the photochemical separation
of ortho and para I, (3) and of the
isotopes 2C and 13C (9). The quantum
yield of the selective photocatalysis, 7,
defined as the average number of A
molecules selectively reacted per quan-
tum of radiation absorbed,

— number of A molecules in reaction

K number of absorbed quanta

is usually rather small.

The main difficulty was that chemical
reactions of molecules occur after a
relatively large number of collisions,
over 102 (/8). This number of collisions
leads to the loss of excitation selectivity.
A low quantum vyield is also due to the
short lifetime of electronic states rela-
tive to radiation decay. Excitation of
atoms and molecules in metastable states
can be used, as with Hg (6), but with
it one can study only a limited group
of reactions.

The selective catalysis of chemical
reactions with infrared radiation be-
came possible only with the use of pow-
erful molecular lasers. Obtaining high
selectivity and high quantum vyields is
also problematic with this method be-
cause many collisions are necessary for
the vibrationally excited molecule to
react. The best result was obtained by
Mayer et al. (19), with a mixture of
methanol and completely deuterated
methanol irradiated by a 2.7-um hydro-
gen fluoride laser; the vibrationally ex-
cited CH;OH molecules selectively re-
acted. A high selectivity, S > 1, was ob-
tained in this experiment, at a low
quantum yield. The high selectivity
may have been due to the considerable
difference in chemical properties and
vibrational frequencies between CH3;0OH
and CD;OD.

The chemical method of bonding
selectively excited atoms and molecules
probably has some potential, but it is
difficult to find effective fast chemical
reactions in every case.
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Dissociation of Excited Molecules

From our point of view, the methods
based on the fast ionization or dissocia-
tion of selectively excited atoms or
molecules are useful for conserving the
selectivity and for obtaining a high
quantum yield (20). In this case the final
product ions, atoms, or radicals are
stable enough, and it is possible, with-
out risk of fast relaxation or excitation
transfer, to realize the next stage, the
collection of ions or the chemical bond-
ing of atoms and radicals (21).

We can use two types of dissocia-
tion processes: (i) photodissociation of
selectively excited molecules by addi-
tional laser radiation (20, 22), whose in-
tensity can be made rather high so
that the photodissociation rate is more
than the rates of relaxation and excita-
tion transfer, and (ii) predissociation of
selectively excited molecules (23) due to
the intersection of molecular electronic
terms.

The two-step selective photodissocia-
tion of molecules is carried out with
radiation at two different frequencies,
oy and o, (Fig. 7). The ho; photon ex-
cites, say, a definite discrete spectrum
of vibrational energies of the A mole-
cules. The radiation at «, transfers vi-
brationally excited A molecules (A) into
the excited electronic state from which
dissociation occurs, The transfer into
the excited state takes place before
vibrational relaxation and before the
transfer of excitation to the B molecules.
To photodissociate only A molecules,
the energy hw, is chosen somewhat
lower than the photodissociation limit
of nonexcited A and B molecules, but
higher than the red boundary of photo-
dissociation of the excited molecules.
As a result of the selective two-step
photodissociation, radicals and atoms of
particular molecules are created in the
gas mixture, and these can enter into
chemical reactions with the acceptor
molecules R present in the mixture.
The selectivity of this process is ex-
tremely high, since in fact it is limited
by the Doppler width of the molecular
rotational-vibrational transitions (24).
Two-step selective photodissociation can
be carried out by using as an inter-
mediate state not only vibrational levels,
but discrete electronic-vibrational levels.

With the excitation of the molecular
electronic states, in some cases, we can
obtain selective breaking of a bond in
a one-step process. This is due to the
photopredissociation process in a mole-
cule with intersecting electronic terms
(Fig. 8). A molecule oscillating in the
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Fig. 7 (left). Schema of the process of molecular two-step selective photodissocia-

tion.

potential well of the excited stable elec-
tronic state II can, at the appropriate
point, pass into the unstable level III,
which leads to dissociation. This process
is called predissociation (25). The pre-
dissociation probability of the selective-
ly excited molecule can be 107 to 1010
sec—1, that is, higher than the probabil-
ities of relaxation and excitation trans-
fer:

Pyre > Qurs, %

Trel

According to the uncertainty principle,
the predissociation decay of the excited
state widens the narrow spectral absorp-
tion line up to Aw = P,,.. However, if
the predissociation does not occur too
fast, say P, <1010 sec—!, then it
broadens this line by a rather small
amount, about Av/v = 10—5 to 106,
which is much less than the isotopic
frequency shift. Therefore, the excita-
tion process involving a predissociation
state can have a high selectivity.

Selective Two-Step Photodissociation
of HCI

The laser device used for the photo-
dissociation of HCI is described in (20).
It involves the powerful pulsed laser of
neodymium glass, having a narrow fre-
quency-tuned radiation line. This tuning
is carried out with a diffraction-grating
dispersive cavity within the amplification
band of neodymium glass, 200 A wide
at the 10,600-A wavelength, the gen-
erated line width being less than 0.02 A.
Then the laser pulse of 20 nsec is
directed into two parallel channels,
transforming its radiation frequency. In
the infrared channel the pulse frequency
is shifted by stimulated Raman scatter-
ing (SRS) in a molecular liquid so that
it falls into coincidence with the
molecular absorption line, To excite

Fig. 8 (right). Schema of the molecular photopredissociation process.

the third vibrational level of HCI there
should be radiation in the 1.18-um
region. The appropriate shift in the
laser frequency of 1100 A is obtained
by SRS in pyridine. More precise fre-
quency tuning is made with a diffrac-
tion grating (up to 1 A) and the Fabry-
Perot etalon inside the cavity (up to
0.1 A). A precise measurement of the
wavelength of the infrared radiation is
difficult to realize in one pulse. There-
fore, the infrared channel frequency
was doubled in the nonlinear crystal
potassium dihydrogen phosphate (KDP),
and then it entered a spectrograph with
a photographic registration. In the ultra-
violet channel the powerful pulse fre-
quency was doubled twice in KDP
crystals and the radiation pulse at 2650
A, together with the infrared channel
pulse, was directed into the cell con-
taining HCL

The lower energy states of HCl and
the ultraviolet absorption spectrum are
depicted in Fig. 9. The infrared chan-
nel radiation excites some of the HCI
molecules to the third vibrational level,
so that the molecules have an excess
energy of 1.04 electron volts. Tt is pos-
sible to transfer the HCl from the
ground electronic state X 1=+ by radia-
tion in the 2000-A region into the un-
stable electronic state A4 1II; that is, the
ultraviolet radiation results in breaking
the bond of the molecule. An energy of
about 6 ev is necessary for this. How-
ever, for excited molecules the energy
required to break the bond should be
smaller by about the excitation energy.
It corresponds to a shift in the ultra-
violet absorption line by about 500 A.
The wavelength of the ultraviolet chan-
nel radiation was chosen so that it did
not lie within the usual absorption spec-
trum of nonexcited HCI molecules
(that is, did not photodissociate non-
excited molecules), but coincided with
the absorption band of excited mole-
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the dependence of the infrared luminescence intensity in the 4-um region on the infrared excitation wavelength.

cules, as shown at the top in Fig. 9.
By tuning the infrared channel radia-
tion on the absorption line of H35Cl or
H37Cl one can obtain selective photo-
dissociation of HCI with the chosen Cl
isotope. The nitric oxide molecule can
be used as an acceptor for Cl atoms,
and it is added to the cell with HCL
The selectivity of the excitation for HCI
molecules with the chosen Cl isotope
was controlled in the following way.
The lower rotational-vibrational levels
of H35Cl and HB37Cl are illustrated in
Fig. 10. By tuning the infrared wave-
length we can tune in to one out of sev-
eral absorption lines. The excited HCI
molecules can emit in cascade transi-
tions between the vibrational levels
radiation at 3.6 to 4.0 um. Figure 10
shows (26) the dependence of the in-
frared luminescence intensity in the
region of 4.0 um on the wavelength of
the infrared channel radiation, that is,
the wavelength of its second harmonic.
The observed intensity maxima coin-
cide exactly with the absorption lines
of H3%Cl and H37Cl. The relaxation
time of vibrationally excited HCI mole-
cules, 7,4 (v” = 3), is 16 usec at an HCl
pressure of 20 torr, determined with the
infrared luminescence decay time,

Selective Two-Step Photodissociation
of NH;

Figure 11 shows schematically the
potential curves for one normal oscilla-
tion v, and also the lower vibrational
levels of the ground state X 14, of NH;
(25, 27). The movements of atoms for
the oscillations considered is shown at
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the top. The potential curve for the*

ground electronic state is symmetrical
and has a potential barrier that makes
it possible for the nitrogen atom to t: n-
nel through the plane of the hydrogen
atoms. It results in the so-called inver-
sion splitting of each energy level. This
splitting is very small for the lower
vibrational level, and is in the radio
frequency region. The inversion split-
ting increases for excited vibrational
levels. In the excited electronic state the
molecule becomes flat, and therefore
the potential curve has its minimum at
the zero amplitude of oscillations.

The experiment was carried out in
the following way. The pulsed CO, laser
radiation at 10.6 pm excited the first
vibrational level of #NH,; or '>NH,.
From the ground vibrational state the
molecule can be excited by radiation
into the various vibrational levels of the
excited electronic state. This corre-
sponds to the existence of several lines
in the NH; ultraviolet absorption spec-
trum with the evident vibrational struc-
ture (25). For NH; molecules excited
with a CO, laser the absorption spec-
trum is shifted into the red region. It
is essential that a new line appears in
the ultraviolet absorption spectrum cor-
responding to the transitions from the
first excited vibrational level of the
lower electronic state to the zero vibra-
tional level of the excited electronic
state; this is depicted in Fig. 11. The
kinetics of the appearance and disap-
pearance of this line gives much in-
formation concerning relaxation proc-
esses in NH; and mixtures of 4NHj,
and 15NH,.

The most important property of elec-

tronically excited NH; molecules is
their instability in spite of the stable
character of the potential curve. The
fact is that for other normal oscillations
the corresponding potential curves are
of a decay character, and the excited
molecule can transfer into them (25).
As a result, about 15 percent of the
NH,; molecules decay into H atoms
and NH, radicals when they are selec-
tively excited. So, in the experiments re-
ported in (28) the selective two-step
photodissociation of NH; was carried
out. By diluting the isotopic mixture of
14NH,; and 1°NH; with helium it was
possible to prevent excitation resonance
exchange between the molecules and to
ensure selectivity of the bond breaking
in NH, with the chosen nitrogen iso-
tope. By this method, laser separation
of the nitrogen isotopes was achieved
for the first time (I3), with the selec-
tivity coefficient (degree of enrichment)
S> 1 (from a few units up to hun-
dreds under the different conditions of
the experiment).

Optimal Conditions of Two-Step

Photodissociation

The method of two-step selective
photodissociation enables us to dissoci-
ate molecules of a definite type in a gas
mixture, that is, to obtain definite radi-
cals instead of the “muddle” of radicals
created in the usual flash photolysis of
a gas mixture. Therefore, two-step
photodissociation, in principle, is a uni-
versal method for controlled selective
chemical reactions. Let us now consider
some conditions for optimal use of
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the two-step photodissociation process.

To have the dissociation of selectively
excited molecules prevail over that of
nonselectively (thermally) excited mole-
cules, the fw; quantum of energy should
satisfy the condition

fiwy > kT (6)

To have the photodissociation rate of
selectively excited molecules considera-
bly exceed that of nonexcited molecules
with the same radiation, the width of
the red wing of the continuum absorp-
tion spectrum corresponding to the
photodissociation, A, must satisfy
the condition

i > Awwing (7)

To fulfill conditions 6 and 7 it is
advisable to excite high vibrational
levels all at once [this can be done by
pumping overtones and compound
molecular frequencies (26) or by the
successive excitation of a high vibra-
tional level with a set of several fre-
quencies], or to excite molecular elec-
tronic states.

For the photodissociation of all the
excited molecules it is necessary that
the photodissociation rate S,,, should be
of the same order or more than the
excitation rate W,.. The case W, =
Spa is preferable. Since the absorption
coefficients at the frequencies »; and o,
are considerably different, for a com-
plete use of the radiation one should
make the radiation path through the
molecules as long as possible (optically
dense cell). Is this compatible with the
photodissociation of most of the excited
molecules? A detailed analysis (29)
shows that molecular two-step photo-
dissociation at a large optical depth
satisfies simultaneously the following
important requirements:

1) Production of a large relative yield
of the two-step photodissociation prod-
ucts (dissociation of 50 percent of the
molecules absorbing «, radiation).

2) Selective breaking of bonds of the
molecules in a large volume.

3) Full use of the radiation.

4) Achievement of the maximum
quantum yield, approximately 0.5.

To control chemical reactions with
selective two-step photodissociation (or
one-step photopredissociation) it is im-
portant to have an effective chemical
reaction for “binding” the free atoms
and radicals. A high concentration of
“hot” radicals with an excess of energy
can lead to secondary processes violat-
ing the reaction selectivity, With a
relatively small concentration of radi-
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cals, sufficient dilution of the mixture
with a buffer gas and the choice of an
effective acceptor can prevent selectivity
loss induced by secondary processes.

Optical Separation of Isomeric Nuclei

The selectivity of chemical reaction
control can be so high that we can
think about the optical separation of
isomeric nuclei (30), that is, nuclei dif-
ferent not in their isotopic composition,
but only in their excitation energy. In
fact, according to Einstein’s equivalence
principle, excitation of the nucleus
should increase the mass by the value

Am = E... ™

where ¢ is the speed of light. At an
excitation energy, E.. of 0.5 million
electron volts, Am is equal to the mass
of the electron. The growth in weight of
the excited nucleus by Am should result
in a decrease of the molecule’s infrared
vibrational frequency. The isomeric
shift value is small, but quite observable
with laser spectroscopy. The difference
in the absorption spectra of molecules
with excited and unexcited nuclei per-
mits fast separation of the isomeric
nucleus by two-step photoionization of
atoms and photodissociation of mole-
cules. This method may be used for
preparation of the active medium for a
practicable x-ray nuclear laser (3/).

Summing up, we can say that laser
radiation, together with special schemes
for its action on substances, enables us
to control to a high degree selective re-
actions with atoms and molecules hav-
ing the same electronic structure, but
differing in nuclear composition (iso-
tope separation), nuclear spin orien-

tation (separation of “ortho™ and “para”
molecules), or nuclear excitation (sepa-
ration of isomers). In the near future
we can expect considerable progress
in this area.
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groups, carboxyl groups, hydroxyl
groups, guanido groups, imidazole

periments on two enzymes, we wish to
indicate that the information is repre-
sentative of what biochemists are ob-
taining about many proteins. An under-
standing of the host of reactions in
which proteins. participate in living cells
requires information on the molecular
architectures of a wide variety of pro-
teins of different origins and different
functions. Such information is coming
from laboratories all over the world
and draws upon a rich heritage of ex-
perience from many investigators. And
such knowledge is fundamental to prog-
ress in medical research; the Nobel
awards this year in chemistry (concern-
ing ribonuclease) and in physiology or
medicine (concerning antibodies) both
concern basic researches on the chem-
istry and the biology of proteins.
Occasionally (/) it has been educa-
tional to write the structural formula
for ribonuclease in full, in terms of its
1876 atoms of C, H, N, O, and S.
Portrayal of the complete molecule
with all of the atoms of the amino
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rings, phenolic groups, indole rings,
aromatic, aliphatic, and thioether side
chains, sulfhydryl groups, and disulfide
bonds, helps in the visualization of the
almost infinite number of ways in which
such groups could be arranged. This
characteristic of proteins makes it pos-
sible for nature to design catalysts for
such a variety of specific reactions.
There is no law that says that a nucleic
acid or a polysaccharide could not be
an enzyme. But it is understandable
that the enzymes so far isolated have
turned out to be proteins; a protein is
equipped to participate, sometimes
through cooperation with coenzymes, in
the whole lexicon of organic reactions
that require catalysis in the living cell.

Purification of Ribonuclease

The first step in the study of the
structure of ribonuclease was, of course,
its purification. Ribonuclease was first
described in 1920 by Jones (2), who
showed that there was present in beef
pancreas a relatively heat-stable enzyme
capable of digesting yeast nucleic acid.
Dubos and Thompson (3) partially

purified the enzyme some 18 years .

later, and in 1940 Kunitz (4) described
the isolation of bovine ribonuclease in
crystalline form after fractionation by
ammonium sulfate precipitation. In
order to be as certain as possible that
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we were beginning the structural study
with a single molecular species, we
undertook to apply the potential resolv-
ing power of jon exchange chroma-
tography to ribonuclease (Fig. 1).
While Werner Hirs, in our laboratory,
was exploring the chromatographic
purification of ribonuclease on the
polymethacrylic resin Amberlite IRC-
50 (5, 6), Paléus and Neilands (7), in
Stockholm, were studying cytochrome ¢
on the same exchanger. These two pro-
teins were the first molecules of their
size to be thus purified. The best reso-
lution for ribonuclease (Fig. 2) is now
obtained (8) with an exchanger in-
vented in Uppsala, a sulfoethyl cross-
linked dextran, which was a devel-
opment that grew from Porath and
Flodin’s (9) experiments on gel filtra-
tion and drew upon Sober and Peterson’s
(10) emphasis on the advantages of a
carbohydrate matrix for the exchanger.

When pancreatic extracts were ana-
lyzed without prior fractionation,
two peaks of enzymatic activity were
observed by us (6) by ion exchange
chromatography and by Martin and
Porter (11) by partition chromatogra-
phy. The major component, ribonu-
clease A, was selected for the first struc-
tural studies. [In later independent ex-
periments, Plummer and Hirs (12) iso-
lated ribonuclease B in pure form from
pancreatic juice and showed it to be the
same as A but with the addition of a
carbohydrate side chain attached to one
asparagine residue.]

Aminoe Acid Analysis

The second step in the structural
study of ribonuclease A was the deter-
mination of the empirical formula of
the chromatographically homogeneous
protein in terms of the constituent
amino acids. Our appreciation of the
importance of quantitative amino acid
analysis began in the late 1930’s when
we had the special privilege of start-
ing our postdoctoral studies in appren-
ticeship to Max Bergmann (13). In
1945 it was possible to take a new look
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